A selectable marker for transformation was constructed by transcriptional fusion of a Ustiago maydis heat shock gene promoter with the hygromycin B phosphotransferase gene of Escherichia coli. U. maydis was transformed to hygromycin B resistance by polyethylene glycol-induced fusion of spheroplasts following exposure to plasmid DNA that carried the marker gene. Transformation frequencies of 50 and 1000 transformants per ,ug of DNA per 2 x 107 spheroplasts were obtained for circular and linear vector DNA, respectively. In the majority of transformants, the vector was integrated at a single chromosomal site, in either single copy or tandem duplication, as determined by Southern hybridization analysis of electrophoretically separated chromosomes and of restriction-endonuclease-cleaved DNA. The predominant form (82%) of vector integration was by nonhomologous recombination; the remainder carried the plasmid at the homologous heat shock gene locus. No evidence for gene conversion or gene replacement was obtained in 28 transformants. Hygromycin B phosphotransferase activity and resistance to hygromycin B were roughly correlated with the copy number of the integrated vector at the homologous location. Transforming DNA was stably maintained during mitosis and meiosis. This transformation procedure and associated vector should permit the cloning of genes by direct complementation in U. maydis.
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Research on the basidiomycete Ustilago maydis, a pathogen of corn, has deepened our understanding of the genetics and biochemistry of DNA replication, repair, and recombination (1, 2) . This fungus can be cultured with ease on simple, chemically defined medium, and the yeast-like, uninucleate haploid stage of growth facilitates genetic analysis. U. maydis infects corn and forms smut galls, plant neoplastic structures. Due to the rapid expansion of knowledge of the molecular biology and genetics of corn, U. maydis should prove to be valuable for molecular studies of host-parasite interactions. Studies on this fungus may also provide models for research on other basidiomycete phytopathogens including the cereal smuts and rusts. These fungi are causative agents of many severe plant diseases that can result in significant crop losses (3) .
The long-term goal of our work is to elucidate the structure, regulation, and role of genes involved in phytopathogenic and saprophytic growth of U. maydis. Moleculargenetic analysis of these genes and others requires the development of a gene-transfer system. Genetic transformation in U. maydis based on kanamycin resistance has been reported by Banks (4) ; however, only low-frequency, unstable transformants were obtained. Here we report the establishment of an efficient and reproducible DNA transformation system for U. maydis based on resistance to hygromycin B (HygB), an antibiotic that has been successfully utilized as a selective agent in a variety of organisms ranging from yeast to mouse cells (5) (6) (7) (8) (9) .
MATERIALS AND METHODS Strains and Media. Escherichia coli HB101 (F-hsdS20-(rB ,mB ) recA13 ara-14 proA2 leu-6 lacY gal K2 rpsL20(Str) xyl-S mtl-i supE44 g-) was employed. U. maydis strains obtained from R. Holliday (National Institute for Medical Research, Mill Hill, London) were 518(a2b2), 521(albl), 227(adel-1, metl-2, narl-6, rec2-1, a2b2), and 288(panl-1, inol-3, narl-i, recl-i, aibi). Other U. maydis strains were natural isolates collected in Wisconsin. Minimal, complete, and plate-mating media used in fungal studies were as described (1) DNA Isolation and Manipulation. DNA was isolated from the fungus by the method of Specht et al. (10) . For analysis of large numbers of transformants, a protocol for rapid DNA isolation from spheroplasts (11) was adopted. DNA hybridization was carried out as described by Amasino (12) except that PEG and NaCl were omitted from the hybridization buffer. Orthogonal-field-alternation gel electrophoresis (OFAGE) was performed essentially according to the method of Carle and Olson (13) .
Preparation of Spheroplasts. Haploid cells of U. maydis were incubated at 28°C in a 250-ml Erlenmeyer flask containing 40 ml of Holliday's complete medium until the density had reached 2 x 107 cells per ml (OD6. 1.0-1.2).
These early logarithmic-phase cells, consisting mostly of actively budding cells, were harvested by centrifugation at 1100 x g for 8 min in a table-top centrifuge and resuspended in 20 ml of a freshly prepared solution of 5 mM EDTA, pH 8.0/25 mM 2-mercaptoethanol. After gentle shaking at room temperature for 20 min, cells were collected by centrifugation and resuspended by brief Vortex mixing in 10 ml of buffer I (1 M sorbitol/50 mM sodium citrate, pH 5.8). A filter-sterilized stock solution of Novozym 234 (lot PPM86, 100 mg/ml in buffer I) was added to the suspension to give a final enzyme concentration of 0.25%. Spheroplast formation was monitored with a phase-contrast microscope. Within 2-5 min at room temperature, 20-30% of the cells were converted to spheroplasts. At this time spheroplasts were collected by centrifugation at 140 x g for 8 min in a tTo whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 85 (1988) washed twice with 10 ml of buffer 11 (25 mM 20 -fold. This is in marked contrast to results obtained with other filamentous fungi, where linearization of the plasmid usually has little or no effect on transformation frequency (17) . In Saccharomyces cerevisiae improved transformation has also been achieved with linear DNA and has been attributed to the recombinogenic nature of free ends of DNA (18) . Third, the genetic background of the recipient strains also influenced the frequency of transformation. Compared to strain 518, strain 227 gave a transformation frequency that was lower by a factor of 50-100, whereas strain 288 consistently gave a 2-to 3-fold increase of HygB-resistant colonies, perhaps because the red mutation exhibits increased spontaneous mitotic recombination (19 (20) were detected.
It is evident from Fig. 3 Fig. 1 . The 4.6-kb HindIII fragment that encodes the hsp7O gene is located in the 13.2-kb EcoRI fragment of U. maydis genomic DNA and is indicated by the hatched box; the corresponding homologous fungal DNA in pHL1 is indicated by the thickest line; the HygB phosphotransferase gene coding sequence indicated by a medium-thick line; other fungal DNA is indicated by a thin line; and pUC12 is indicated by the thinnest line.
separated by OFAGE (Fig. 4) . The probe hybridized to chromosome cluster XII-XIII, where the hsp7O gene used to construct the vector is known to be located (T. Kinscherf and S.A.L., unpublished data).
The majority of the transformants possessed pHL1 at locations elsewhere in the genome as represented by transformants 4-2 and 4-5 (Fig. 2) . Unlike 2-4 or 4-1, transformants 4-2 and 4-5 retained the large 13.2-kb EcoRI fragment. In the case of 4-2 ( Fig. 2 A, lane 4 ments (2.7 kb, 3.3 kb, and 4.5 kb) were retained in addition to four new HindIII fragments, which implies vector insertion at two locations. Data for EcoRI digestion of transformant 4-5 ( Fig. 2 C, lane 6 , and D, lane 6) DNA also support this interpretation.
In summary, 5 of 28 transformants examined by Southern analysis resulted from homologous integration (type I integration). Of the 5 transformants, one involved a single-copy insertion, whereas 4 were the result of tandem insertion of the vector. The remaining 23 were generated by illegitimate recombination of pHL1 into the host genome (type II integration). Included in this group were single-copy insertions (3 
DISCUSSION
We have established an efficient and reliable DNA transformation procedure for the phytopathogenic fungus U. maydis that uses the drug HygB as a selective agent. The vector pHL1 contains a transcriptional fusion of a U. maydis hsp7O gene promoter and a structural gene encoding the HygBresistance determinant. Several factors contributed to the high transformation frequencies that we obtained. Among these were the use of early logarithmic-phase cells in the preparation of spheroplasts, the inclusion of 2-mercaptoethanol in the transformation mixture, and linearization of the plasmid vector DNA.
hsp7O gene promoters from other eukaryotes have been used in construction of selectable markers (6, 21, 22) . Yeast and Drosophila hsp7O promoters have also been fused with the E. coli B-galactosidase gene (23, 24) . In both cases, a substantial basal-level expression of the gene was observed under normal growth conditions. Results from S1-protection analysis show that the U. maydis hsp7O gene employed in the development of the selection marker is expressed at normal growth temperatures (D.W.H. and S.A.L., unpublished data). Since pHL2 failed to transform the fungus to HygB resistance and pHL1B was as effective as pHL1, we conclude that it is the hsp7O promoter fused to the HygB phosphotransferase gene that drives the expression of the antibiotic resistance determinant in transformants.
In all of the transformants exhibiting type I integration, the crossover event always occurred within the U. maydis DNA sequence on the 5' side of the HygB phosphotransferase gene in the vector. Evidently, the linearization of pHL1 (at an Xho I site) promoted recombination at this region, or the insertion of a bacterial DNA sequence somehow interfered with homologous exchange between the DNA sequence on the 3' side of the insert and its counterpart on the fungal chromosome. This would also explain our failure to detect a single case of type III integration among the transformants analyzed, since this type of integration requires a double crossover or gene conversion at the hsp7O locus. Another explanation for the failure to see replacement of the wildtype hsp7O gene by the disrupted hsp7O gene (carrying HygB phosphotransferase gene within it) is that this hsp7O gene is essential for growth. Disruption of a cognate hsp7O gene of S. cerevisiae is a lethal event (25) . Transformation of pHL1 into diploid U. maydis cells would make it possible to investigate such recessive lethal mutations.
The integration pattern observed here in U. maydis, in which pHL1 was integrated predominantly at chromosomal sites other than the hsp7O locus, resembles that found in Neurospora crassa and A. nidulans but differs from S. cerevisiae where all transformants are the result of homologous recombination (17) . This phenomenon may be marker dependent as has been shown in A. nidulans (26) .
U. maydis transformants were stable mitotically and meiotically, whether they carried single or multiple copies of the vector. The data obtained for meiotic passage of vector suggest that it segregates as a single Mendelian trait when integrated at one location. No evidence for autonomous replication of the transforming plasmid was obtained. Considering the ease with which large numbers of U. maydis spheroplasts can be generated, it should now be feasible to clone genes directly by complementation in this fungus with the methods described here.
